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Immunostaining for the α3 isoform of the Na+/K+-ATPase
is selective for functionally identiﬁed muscle spindle
afferents invivo
A. Parekh∗,A .J .M .C a m p b e l l ∗,L .D j o u h r i ∗, X. Fang, S. McMullan, C. Berry, C. Acosta and S. N. Lawson
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Muscle spindle afferent (MSA) neurons can show rapid and sustained ﬁring. Immunostaining
for the α3i s o f o r mo ft h eN a +/K+-ATPase (α3) in some large dorsal root ganglion (DRG)
neurons and large intrafusal ﬁbres suggested α3 expression in MSAs (Dobretsov et al. 2003),
but not whether α3-immunoreactive DRG neuronal somata were exclusively MSAs. We found
that neuronal somata with high α3 immunointensity were neuroﬁlament-rich, suggesting they
have A-ﬁbres; we therefore focussed on A-ﬁbre neurons to determine the sensory properties
of α3-immunoreactive neurons. We examined α3 immunointensity in 78 dye-injected DRG
neurons whose conduction velocities and hindlimb sensory receptive ﬁelds were determined
invivo.Adenseperimeterorring ofstaininginasubpopulationofneuronswasclearlyoverlying
the soma membrane and not within satellite cells. Neurons with clear α3r i n g s( n =23) were
all MSAs (types I and II); all MSAs had darkly stained α3 rings, that tended to be darker in
MSA1 than MSA2 units. Of 52 non-MSA A-ﬁbre neurons including nociceptive and cutaneous
low-threshold mechanoreceptive (LTM) neurons, 50 had no discernable ring, while 2 (Aα/β
cutaneous LTMs) had weakly stained rings. Three of three C-nociceptors had no rings. MSAs
withstrongringimmunostainingalsoshowedthestrongestcytoplasmicstaining.Theseﬁndings
suggestthatα3ringstainingisaselectivemarkerforMSAs.Theα3isoformoftheNa+/K+-ATPase
has previously been shown to be activated by higher Na+ levels and to have greater afﬁnity for
ATP than the α1 isoform (in all DRG neurons). The high α3l e v e l si nM S A sm a ye n a b l et h e
greater dynamic ﬁring range in MSAs.
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Introduction
Up to 50% of neuronal energy resources are used
in supporting Na+/K+-ATPase (sodium pump) activity,
enablingittomaintainthesteeptransmembraneNa+ and
K+ gradients that are necessary for neuronal excitability
(Rosenthal & Sick, 1992). The sodium pump exists as
a heterodimer of α and β subunits (McDonough et al.
1990). The α subunit contains binding sites for ATP,
Na+,K + and the cardiac glycoside ouabain, and is central
to the pump activity (Sweadner, 1989). In mammalian
tissues, four αsubunit isoforms (α1–4) and three
∗A.P arekh,A.J .M.CampbellandL.Djouhricontributedequallytothis
study and should be considered co-ﬁrst authors.
βsubunit isoforms (β1–3) have been identiﬁed
(Charlemagne et al. 1987; Blanco & Mercer, 1998). While
the α1β1 isoform is found in nearly every tissue, the α3β1
isoformisprincipallyfoundinneurons(Blanco&Mercer,
1998) with only ‘minor amounts’ in skeletal muscle
(Clausen, 2003), perhaps consistent with its expression in
nerve ﬁbres. The α1β1a n dα3β1 combinations have been
reported in somatosensory dorsal root ganglion (DRG)
neurons (Mata et al. 1991).
The α1 isoform of the Na+/K+-ATPase a subunit is
expressed in 80% of DRG neurons regardless of size
(Dobretsov et al. 1999). However, high α3 immuno-
reactivity was non-uniformly expressed (a) within a
subpopulation of large-diameter DRG neurons, (b) in
intrafusal afferent and efferent nerve ﬁbres and (c) in
subpopulationsofﬁbreswithinsciaticandperonealnerves
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that innervate both skeletal muscle and skin but not in
sural and saphenous nerves projecting almost exclusively
to skin (Dobretsov et al. 2003). These ﬁndings suggested
that the α3N a +/K+-ATPase is expressed in muscle
spindleafferent(MSA)ﬁbresbutnotothersomatosensory
ﬁbres. However, other types of primary afferent, e.g.
cutaneousAα/βlow-thresholdmechanoreceptors(LTMs)
and Aα/β nociceptors have some overlap of sizes and
conduction velocities (CVs) with MSAs (Fang et al. 2005b
and Djouhri L., Fang X., Gao L. and Lawson S.N.,
unpublished observations). Therefore, direct functional
studies of different somatosensory afferent types were
needed to determine whether α3N a +/K+-ATPase is
expressed exclusively or preferentially in MSAs, and if so,
whetheritisexpressedequallyinMSAsubtypes.Wefound
high α3 immunointensity exclusively in neurons labelled
with the antibody RT97 (against highly phosphorylated
epitopes on 200kD neuroﬁlament subunits), which in
rat labels DRG neuronal somata with myelinated ﬁbres
(Lawson & Waddell, 1991). We therefore subsequently
focussed mainly on α3 immunoreactivity in A-ﬁbre
neurons.
Physiological identiﬁcation of sensory receptive
properties and conduction velocity measurements were
made invivo in individual rat DRG neurons with
intracellular recording with dye-ﬁlled electrodes. Intra-
cellular dye injection enabled subsequent α3 immuno-
cytochemistryonthedye-injectedidentiﬁedneuronstobe
madeandcorrelatedwithsensorypropertiesinindividual
neurons. A few identiﬁed guinea pig DRG neurons were
similarly examined to determine whether patterns in rat
occur in other species.
Methods
Animal preparation
All procedures were performed under a licence held
according under the provisions of the Animals (Scientiﬁc
Procedures)Act1986,reviewedbytheUniversityofBristol
Ethical Review Group.
These experiments also comply with The Journal
of Physiology policy and UK regulations on animal
experimentation described by Drummond (2009).
The main study was on young female Wistar rats
(6–7weeksofage,150–180g);smallernumbersofneurons
were recorded in young female Dunkin–Hartley guinea
pigs (160–275g). Methods described apply to both species
unless otherwise indicated. For detailed guinea pig
methods see Djouhri et al. (1998).
Animals were deeply anaesthetised to areﬂexia
with sodium pentobarbitone (50–70mgkg−1 I.P.). A
tracheotomy enabled artiﬁcial ventilation. The left
carotid artery and external jugular vein were cannulated
to, respectively, enable blood pressure monitoring
and allow supplementary anaesthetic (I.V., 10mgkg−1
approximately hourly); this dosage regime causes
sustaineddeepanaesthesia.AlaminectomyexposedL3–L6
DRGs (rats) or L5–S1 DRGs (guinea pigs) and their
dorsal roots. Details of the recording set-up have been
published (Lawson et al. 1997; Fang et al. 2002). Brieﬂy,
dental impression material (Xantopren VL plus, Hanau,
Germany) was used to create a liquid parafﬁn pool
maintained at ∼30◦C (range 28.5–33.5◦C). Immediately
prior to recording, the dorsal root of the DRG under
study was cut close to its entry to the spinal cord and
placed over a pair of platinum stimulating electrodes in
the parafﬁn pool. A small silver wire platform beneath
the DRG separated it from underlying tissues to improve
recording stability.
The hind limb was extended and the dorsal surface of
the foot was glued with cyanoacrylate glue to a platform
beneath it with the plantar surface of the foot upwards.
This increased recording stability, but also stretched the
leg muscles.
Just before electrophysiological recording, muscle
relaxant (pancuronium, 0.5mgkg−1 I.V. or gallamine
triethiodide, Flaxedil, 2mgkg−1 I.V.) was administered
accompanied by further anaesthetic (sodium pento-
barbitone, 10mgkg−1 I.V.). Muscle relaxant was given
at approximately hourly intervals, always with further
(10mgkg−1 I.V.) anaesthetic. The animal was artiﬁcially
ventilated and end-tidal CO2 monitored. Blood pressure
remained stable indicating deep anaesthesia throughout
the experiment. In both species, the level of anaesthetic
was maintained at that which kept the animal deeply
anaesthetised and areﬂexic during the 2–3h of surgery
priortoadministrationofmusclerelaxant.Ourexperience
of using this anaesthetic regime (frequency and dose) in
the absence of muscle relaxant for the whole duration
of similar experiments shows that it maintains deep
anaesthesia and areﬂexia throughout.
Electrophysiological recordings
Intracellular recordings were made using glass micro-
electrodes ﬁlled with one of three ﬂuorescent dyes. These
were Lucifer yellow CH (LY; Sigma, St Louis, MO, USA;
5mgml −1 in 0.1 M LiCl), ethidium bromide (EB; Sigma;
2.5–6mgml−1in1 MKCl)orCascadeBlue(CB;Molecular
Probes, Eugene, OR, USA; 3% in 0.1 M LiCl). Electrode
impedence ranged from 200 to 500m  for LY and CB,
a n d8 0t o1 2 0m   for EB. In rat, neurons were mostly in
L5 DRG (65) with some in L4 (11) DRG, 1 in L6 and 1 in
L3. In guinea pig, neurons were mainly (12) in L6, with 1
in L5 and 5 in S1. The microelectrode was advanced into
the DRG until a membrane potential (Vm)w a sd e t e c t e d .
The dorsal root was then stimulated with a rectangular
pulse (0.03ms for A- and 0.3ms for C-ﬁbre neurons) at
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a voltage up to twice threshold for A- and 1 to 1.5 times
threshold for C-ﬁbre units.
Conduction velocity (CV). For each neuron, CV was
calculated as previously described (Djouhri & Lawson,
2001) from the time (latency) between dorsal root
stimulation and the onset of the evoked somatic AP,
and distance (usually 4–14mm) between the stimulating
electrode (cathode) and the neuronal soma position
in the DRG (error±0.25mm). This method includes
utilization time and thus underestimates CV (see below).
Each neuron was classiﬁed by its CV, according to
CV boundaries determined previously (also including
utilization time) from dorsal root compound action
potentials in rats (Fang et al. 2002), and guinea pigs
(Djouhri & Lawson, 2001) of the same age and weight
as those used here. CV boundaries were: for rats C,
<0.8ms−1; for Aδ,1.5–6.5ms−1;a n dA α/β, >6.5ms−1:
and for guinea pig, C,<1.1ms−1;A δ, 1.1–4.2ms−1;a n d
Aα/β,>4.2ms−1.Forexplanationanddiscussionofthese
valuesseeDjouhri&Lawson(2001andFangetal.(2002).
The latencies include utilisation time, the time taken
for the stimulus to evoke an action potential, as well as
conduction time. This greater latency would cause an
underestimateespeciallyofthefasterCVs(Aα/β)(W addell
et al. 1989); in addition, the shortest latencies could not
be accurately measured in the shortest nerves due to over-
lap of the stimulus artefact with the AP onset. Although
muscle afferent CVs are normally classiﬁed as groups I, II,
III and IV, because this study includes cutaneous afferents
weusetheGreeknotationthroughout,thatis,respectively:
Aα,A β,A δ and C CV groups, with Aα and Aβ groupedas
Aα/β.
Ongoing ﬁring. Before searching for the receptive ﬁeld,
the presence of any ongoing ﬁring was recorded, for
1–2min.
Identiﬁcation of sensory receptive properties
Low-threshold mechanoreceptive neurons (LTMs).
Hand-held stimulators were applied to the left hindlimb
and ﬂank (see Lawson et al. 1997 and Fang et al. 2002).
LTMs responded to light brushing (soft brush), light
tapping, gentle pressure with blunt objects and calibrated
V o nF r e yh a i r s .A α/β LTMs included muscle spindle
afferent (MSA) units and cutaneous units (see below). A
brief application of ethyl chloride or ice to the receptive
ﬁeld was used as a cooling stimulus because some LTMs
(including C LTMs, D hair units and slowly adapting
typeII units, see Lawson, 2005) also respond to cooling.
Muscle spindle afferent (MSA) LTM units. Most showed
ongoingﬁring,therateofwhichwasverysensitivetolight
pressure applied over the entire body of the muscle; they
oftenrespondedtovibration(e.g.tuningforkat100Hz).If
thereceptiveﬁelddidnotmovewiththeskinwhentheskin
was moved, a cutaneous receptive ﬁeld was excluded. The
continuous stretch of the hind limb stretches especially
ﬂexormuscles.Theongoingﬁringcanbeexplainedbythe
muscle relaxant causing relaxation of extrafusal muscles,
enhancing passive stretching of the muscle spindles. This
would unload the Golgi tendon organs. Because of this,
Golgi tendonorganafferentswere unlikely to be stretched
e n o u g ht ob ea c t i v a t e de v e nw h e np r e s s u r eo rv i b r a t o r y
stimuli were applied; they are therefore unlikely to be
included in this study. We therefore classed Aα/β units
thathadongoingﬁringandsubcutaneousreceptiveﬁelds,
and/or that showed altered ﬁring in response to pressure
on the muscle, as MSAs. MSAs are often subdivided
into group Ia afferents with primary endings or group II
afferents with secondary endings (Boyd, 1962; Matthews,
1964). Group Ia afferents respond to stretch with an
initial phasic discharge followed by a static discharge, and
respond well to vibration of 100Hz, whereas group II
afferents respond to stretch with a predominantly static
discharge pattern and respond poorly to such vibration,
as do Golgi tendon organs (Matthews, 1964, 1984; Brown
et al. 1967). In the present study, some MSAs were clearly
moredynamicandothersmorestaticintheirresponses.A
post hoc subdivision into MSA1 (1a) or MSA2 (groupII)
units was made on the basis of the greater adaptation
to gentle sustained pressure, greater sensitivity to rapid
movementofstimuli,andgreaterabilitytofollowa100Hz
vibratorystimulusofMSA1versusMSA2units(Matthews,
1964, 1984; Brown et al. 1967). MSA2 units adapted more
slowly, were less responsive to vibration or gentle tap
and responded well to static or slowly moving stimuli.
Some MSAs were not characterized precisely enough for
inclusion in either category.
Cutaneous LTM units. These responded to low-intensity
mechanical skin stimulation. Their receptive ﬁelds moved
with the skin when that was moved relative to the under-
lying tissues. Those with Aα/β ﬁbres included guard hair
follicle (G hair) afferents responding to movement of one
or more hairs while F (ﬁeld) units responded to skin
contact or movement of many hairs; both G hair and
ﬁeld units were rapidly to moderately rapidly adapting.
G hair and ﬁeld units were combined as Ghair/ﬁeld
(G/F) units throughout (see Djouhri et al. 1998; Fang
et al. 2002). Aα/β cutaneous LTMs also included rapidly
adapting (RA) units that responded to rapid movement
of low-intensity mechanical stimuli across glabrous skin.
Pacinian corpuscle afferents (very rapidly adapting Aα/β
LTMs responding to light tap or vibration) were not
included in this study. Aα/β slowly adapting (SA) LTMs
responded with a sustained discharge to static cutaneous
pressure.Aδdownhair(Dhair)LTMswerehighlysensitive
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to slow movements of hair with a brush, to skin stretch
and cooling.
Nociceptive units. Neurons that showed no response to
non-noxious stimuli were tested with noxious stimuli
that were painful if applied to thin human skin. Noxious
mechanicalstimuliwereappliedwithneedle,forceps(ﬁne
and/or toothed) or coarse ﬂat forceps; noxious thermal
stimuli were cooling by a brief localized spray of ethyl
chloride and/or heating with water at a temperature
of >50◦C. Neurons that responded only, or with a
much greater response, to noxious stimuli were classed
as nociceptors. Nociceptors included high-threshold
mechanoreceptors (HTMs), polymodal, mechano-heat
units and mechano-cold units (see below for properties).
One C-ﬁbre unit was unresponsive to both noxious
and non-noxious stimuli. C unresponsive neurons have
immunocytochemical properties that are similar in many
respects to C-nociceptors (Djouhri et al. 2003; Lawson,
2005; Fang et al. 2006), and because this had an AP
shape similar to C-nociceptors it was classed with the
C-nociceptor class, as a nociceptor-type unit. No C-ﬁbre
units sensitive only to warm, heat, cooling or cold were
included in the present study.
Fluorescent dye injection
After sensory characterization and recording were
complete, ﬂuorescent dye was injected into the soma with
regular current pulses (1nA, max 1.3nA for 500ms at
1Hzfor10–15minforA-ﬁbresand6–10minforCﬁbres);
negativecurrentwaspassedtoejectLYandCBandpositive
forEBdye(Lawsonetal.1997;Fangetal.2002).Receptive
ﬁeld properties and conduction latency were rechecked to
ensuretheelectrodetiphadremainedinthesameneuron.
R e c o r d sw e r ek e p to fl o c a t i o n so fa l le l e c t r o d et r a c k s ,
and of numbers and depths of all neurons penetrated in
each track, and noting those that were dye-injected. A
maximum of three LY injections (central, mid and peri-
pheralintheDRG)weremadeinthelonger(2mm)L5rat
DRGs, and two in other DRGs (for more detail see Fang
et al. 2002).
Tissue preparation and ﬁnding dye-injected neurons
The animal was perfused through the heart with
0.9% saline followed by Zamboni’s ﬁxative following
an anaesthetic overdose. DRGs were removed and the
conduction distance measured. The DRG was post-ﬁxed
by immersion in Zamboni’s for 1h and left overnight
in 30% sucrose buffer at 4◦C. Serial 7μmc r y o s t a t
sections of DRGs were made, and once mounted onto
slides, each section was examined under a ﬂuorescence
microscope (Leica DMRBE, Leica Microsystems UK Ltd,
Milton Keynes, UK) for the dye-ﬁlled neurons. Their
locations were compared with the records made during
experiments and if the position, depth or number of
dye-labelledneuronsdidnotmatchexperimentalrecords,
orifthedyeﬂuorescenceintensitywasweak,neuronswere
rejected.Thisavoidedinclusionofneuronslabelledbydye
leakage rather than current ejection (Lawson et al. 1997).
Locationsofeverysuccessfullydye-labelledneuronwithin
each section was recorded with camera lucida drawings
and images captured with a CCD camera (Hamamatsu,
Hamamatsu City, Japan). Tissue sections were stored at
−20◦C until immunocytochemistry was performed.
Tissue preparation for α3 and RT97 co-localisation. Four
female rats (weight approximately 170g) were ﬁxed by
perfusion as described earlier, and the L4 DRGs were
post-ﬁxed for 1h and left overnight in 30% sucrose buffer
and then 7μm cryostat sections were taken transversely
at 400μm intervals throughout each DRG, giving a series
of between four and six equally spaced sections for each
DRG.
Immunocytochemistry
Two types of immunocytochemistry were carried out.
Fluorescence immunocytochemistry was used to examine
α3 co-localisation with neuroﬁlaments on DRGs from
which recordings had not been made. Avidin–biotin
complex (ABC) immunocytochemistry was carried out
to determine the α3 immunoreactivity of (a) individual
dye-injected identiﬁed neurons and (b) comparison of
α3 and HCN1 immunoreactivity on adjacent sections of
n e u r o n sD R G si nw h i c hr e c o r d i n g sh a dn o tb e e nm a d e .
Antibodies. The primary antibody against α3
Na+/K+-ATPase was a rabbit polyclonal (TED, used
at 1:500–1:2000 for ﬂuorescence immunocytochemistry
and 1:8000 for ABC immunocytochemistry) was a gift
from Dr Thomas Pressley. Its speciﬁcity for α3w a s
characterisedwithWesternblot(Pressley,1992;Juhaszova
& Blaustein, 1997). Its staining patterns have been shown
to be the same as with a different rabbit polyclonal
antiserum raised against rat Na+/K+-ATPase α3 subunit
fusion protein (Upstate Biotechnology, Lake Placid, NY,
USA), and a monoclonal anti-α3 antibody IgG1 (Clone
XVIF9-G10, Mα3-915, Afﬁnity Bioreagents Inc., Golden,
CO, USA) (Dobretsov et al. 2003).
The anti-HCN1 rabbit polyclonal antibody was from
Alomone Labs Ltd, Jerusalem, Israel, raised against
peptides 6–24 of rat HCN1. It had previously been
characterised against HCN1 selectively expressed in
heterologous cells and in Western blots (Han et al. 2002;
Chaplan et al. 2003; Much et al. 2003; Notomi et al. 2004;
Peters et al. 2009).
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The RT97 antibody (used at 1:4000, a gift from
J. N. Wood) was previously characterised (Wood &
Anderton, 1981; Calvert & Anderton, 1982) and binds to
a highly phosphorylated epitope on the 200kD neuro-
ﬁlament subunit. It labels the population of large,
light neurons in DRGs (Lawson et al. 1984) that have
A-ﬁbres (Lawson & Waddell, 1991). Secondary anti-
body for ABC immunocytochemistry for both α3 and
HCN1 was biotinylated anti-rabbit IgG, (1:200, from
Vector Laboratories, Peterborough, UK). Secondary anti-
bodies for ﬂuorescence immunocytochemistry were from
Molecular Probes. They were: for RT97, Alexa Fluor488
goatanti-mouseIgG(1:400)andforTED,(anti-α3)Alexa
Fluor594goatanti-rabbitIgG(1:600).SeeSupplementary
Fig.S1 and legend for details.
ABC immunocytochemistry. T h i sw a sc a r r i e do u ta sp r e -
viously described in detail (Fang et al. 2002). Brieﬂy,
after block of endogenous peroxidase and biotin-like
activity with 3% H2O2 and an avidin–biotin kit (Vector
Laboratories, Peterborough, UK), respectively, sections
were incubated with primary antibody for 48h at 4◦C.
After washing, sections were incubated for 30min at
room temperature with biotinylated secondary antibody.
Avidin–biotin complex (ABC) staining was performed
using the Vectorstain Elite avidin–biotin Kit followed by
incubation in diamino-benzidene. Omission of primary
antibody resulted in no staining.
Immunoﬂuorescence. Fluorescence immunocyto-
chemistrywascarriedoutasfollows.Followingablocking
stage with 10% fetal calf serum (FCS) and 1% normal
goat serum (NGS), in 0.1 M PBS (phosphate-buffered
saline) for 30min, primary antibodies were added in
10% FCS, 1% NGS and 0.05% Triton-X100 in 0.1 M
PBS and incubated overnight at 4◦C. After washing with
PBS, sections were incubated in 1% NGS in PBS, and
then secondary antibody was applied in 0.1 M PBS plus
1% NGS for 30min at room temp. After washing, slides
were mounted in Vectashield. Again, omission of the
primary antibody resulted in no detectable staining.
Using epiﬂuorescence microscopy (×40 objective) and
appropriate ﬁlters (Omega ﬁlters, Brattleboro, USA),
counts were made of all neuronal proﬁles with clear
nuclei and with clear α3-immunoreactive rings around
the perimeters of neurons in ﬁve sections of an L4 DRG
from each of four rats. Whether each neuron with a clear
α3 ring was RT97 positive or negative was recorded.
α3 immuno-staining pattern. With both ABC and
ﬂuorescence immunocytochemistry, neurons with ring
staining and more intense cytoplasmic staining were
a subpopulation of large-diameter neurons (Fig.1) as
previously described (Dobretsov et al. 1999).
Dye-injected neurons: analysis of immunointensity
Subjective assessment of α3 ring staining. Subjective
intensity of α3 ring staining in injected neurons was
determined relative to other neurons in the same section,
o nas c a l eo f0 – 5w h e r e0w a sn e g a t i v e( n or i n gv i s i b l e ) ,
1=just visible faint positive ring; 5=the most intensely
stained ring in the section. The subjective ring intensity
for each neuron was the average of estimates by two pairs
of observers.
Image analysis of pixel densities. The semi-quantitative
image analysis methods previously used to determine
relative immunocytochemical intensities of cytoplasmic
staining (Fang et al. 2002, 2005a; Djouhri et al. 2003)
were adapted to the analysis of both cytoplasm and ring
α3 immunostaining as follows. Digital images of each
dye-injectedneuronwerecapturedundera×40objective,
plus images of the three most intensely stained neurons in
thesamesectionandthreemostweaklystainedneuronsin
the vicinity of the dye-injected neuron (Fang et al. 2002).
Thepixeldensityofimmunostainingforα3wasmeasured
with image analysis software (Simple PCI, Digital Pixel,
Brighton, UK) for both ring and cytoplasmic staining in
each of the above neurons. The α3 ring pixel density was
the average pixel density under three lines drawn within
the most darkly stained regions of the ring. The cyto-
plasmic density was the average density over the neuro-
nal cytoplasm (excluding the nucleus). The three most
negative neurons were those with weakest cytoplasmic
stainingandnodeﬁnedringstaining,thusonlytheircyto-
plasmic pixel density was measured.
Relative intensity of α3 staining. The relative α3 staining
intensities of each dye-injected neuron were determined
bycomparisonwithneuronalstaininginthesamesection.
Foreachdye-injectedneuron,the0%valueforthesection
was the mean cytoplasmic pixel density of the three most
weakly stained neurons or of the dye-injected cell if that
was the most weakly stained in the section (a). The 100%
level for the ring (c) staining was the mean pixel density
of the three neurons with the most strongly staining rings
in the section or of the dye-injected neuron if that was the
strongestringstaining.Cytoplasmandringstainingofthe
injected neuron provided the values d and e, respectively.
Therefore, relative intensities for ring and cytoplasm of
the injected neuron were calculated as a percentage of the
maximumringintensity,calculatedas100×(e −a/c −a)
for the ring, and 100×(d −a/c −a) for the cytoplasm.
For both ring and cytoplasm staining, the word ‘intensity’
hereaftermeanspercentageintensityrelativetomaximum
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(100%) ring intensity and minimum (0%) cytoplasmic
intensity calculated as above. This method results in a
dye-injected neurons that is the most intensely stained in
the section having a relative intensity of >100%. These
were rounded down to 100%.
This method is semi-quantitative enabling relative
intensities of injected neurons to be compared and mini-
mising effects of staining variability between sections
(Lawson et al. 1997; Fang et al. 2002). Although for
clarity of expression we use the terms α3p o s i t i v ea n dα3
negative(>40%and<40%relativeringstainingintensity,
respectively; see Results),some ‘α3 negative’ neuronsmay
express low, possibly functional, levels of the α3 subunit.
α3 and neuronal size. Cross-sectional areas of
dye-injected neurons were measured with the image
analysis system in neurons for which the cross sectional
area of the largest section was available. This estimate of
cell size does not take into account possible non-spherical
(elongated or ﬂattened) shapes of some DRG neurons. It
w a sp l o t t e da g a i n s tα3 ring relative intensity (above).
α3 co-localisation with RT97. Four female rats (∼170g)
were ﬁxed and the L4 DRGs were treated as described
earlier and 7μm transverse cryostat sections were taken
at 400μm intervals, giving a series of four to six equally
spacedsectionsforeachDRG.Afterﬂuorescenceimmuno-
cytochemistry (see above), epiﬂuorescence microscopy
(×40 objective) and appropriate ﬁlters (Omega ﬁlters,
Brattleboro,USA),wereusedtomakecountsofallneuro-
nal proﬁles with clear nuclei and with clear α3 immuno-
reactive rings around the perimeters of neurons in the L4
DRG from each rat. Whether each neuron with a clear α3
r i n gw a sR T 9 7p o s i t i v eo rn e g a t i v ew a sr e c o r d e d .
Statistical analyses
Data were analysed using Prism 4 and 5 software
(GraphPadsoftware,Inc.,SanDiego,CA,USA).Following
ABC immunocytochemistry, the small numbers in
some neuronal subcategories necessitated the use of
non-parametric statistics to compare median values
(Kruskal–Wallis test for multiple comparisons and
Mann–Whitney tests for comparisons between two
medians).
Results
Strong staining around the perimeter of a subpopulation
of the large-diameter neurons was seen; we call this
the ‘ring’ staining. This α3 ring staining is over the
DRG neuron membrane: as can be seen in Fig.1A
the satellite cell sheath shown by arrows is devoid of
thestaining,suggestingthatitisassociatedwiththeneuro-
nal membrane.This view is supportedby α3stainingover
theﬁbreperimeterinsidesomeofthemyelinsheath(e.g.in
Fig.1F), and the above-background evenly stained cyto-
plasm in neurons with ring staining, suggesting both are
within the same neuron. The α3 ‘ring’ immunoreactivity
wassimilarwithABCorimmunoﬂuorescence(Fig.1Band
D).Withinthecytoplasmoftheseα3ringpositiveneurons
there is also elevated staining.
α3 and neuroﬁlament co-localisation
All 218 (100%) neuronal proﬁles with visible nuclei and
clear α3 rings were neuroﬁlament-rich i.e. RT97 positive
but not all neuroﬁlament-rich neurons had α3r i n g
staining (see Fig.1B and C, and Supplementary Fig.S1
forcolour).Asneuroﬁlament-richDRGsomatainrathave
A-ﬁbres(Lawson&Waddell,1991),thissuggeststhatDRG
neuronswithclearα3ringsallha v eA-ﬁbr es.W ether efor e
targetedA-ﬁbreneuronsinthepresentstudybutincluded
a few C-ﬁbre neurons for comparison.
α3 and HCN1 staining
We see ring staining that initially looks to be of a similar
nature with an antibody against HCN1 (one of the
isoforms of the channel underlying the Ih current). To
ensure that these antibodies were not labelling the same
proteins, we examined whether α3 and HCN1 rings were
visible in the same neurons, on adjacent 7μm sections, as
a further check to ensure that they could not be staining
the same protein. Figure1E shows ∼12 clear HCN1 ring
positive neurons, but only two of these have clear α3
rings (Fig.1D). In Fig.1F and G a neuron with clear
HCN1 and α3 ring staining is shown; note that a sub-
population of myelinated ﬁbres perimeters is stained for
α3 but not for HCN1 (arrows). Thus, although the ring
staining is similar, the overall staining pattern for the two
antibodies are clearly different, supporting the speciﬁcity
of the staining obtained with the α3a n t i b o d y .
α3 and sensory properties in dye-injected neurons
Representative examples of dye-injected and
α3-immunostained identiﬁed neurons are shown in
Fig.2. Three α3 negative neurons (rat) with no visible
ringstainingontheleft(A–C)areaC-nociceptortype,an
Aα/β R Aa n da nA α/β nociceptive afferent. Three MSA
neurons (right, D–F) in rat and guinea pig all showed
clear α3 ring staining. Note the sections through MSAs in
Fig.2A–F are not through the nucleus and thus do not
represent the full size of the MSAs. For approximate sizes
of MSAs see Fig.4B and C.
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Subjective versus objective α3 intensities. Thesubjective
judged and objectively calculated relative intensities for
α3 ring immunostaining were highly signiﬁcantly linearly
correlated (Fig.2G), indicating that the objectively values
reﬂect the subjective appearance of the rings. The dotted
vertical line from the X-axis value representing a clearly
visible ring (a subjective score of ≥1) intersects the
linear regression line at 40% relative intensity. Any ring
intensity>40%wasthereforeclassedaspositive.Cellswith
values below this may have α3 immunostaining, but their
ring staining was not distinguishable from cytoplasmic
staining.
Identiﬁed neurons included in the study. At o t a lo f
78 neurons with identiﬁed sensory properties were
successfully labelled and immunostained to show α3
immunoreactivity in rat DRGs. They included 45 LY,
Figure 1. α3 co-localisation with
neuroﬁlament and HCN1
A, high power (×100 objective) view of a
neuron with a clear α3 stained ring. Arrows
indicate satellite cells around the neuron that
are not labelled, showing that the ring must be
over the neuronal perimeter/membrane. B and
C, double labelling immunoﬂuorescence of rat
DRG neurons with α3( B) and RT97 (C)
immunostaining illustrates that neurons with
α3 rings are neuroﬁlament rich (using the
antibody RT97). Diamonds (white in B and
black in C): RT97 positive (neuroﬁlament rich)
but α3 negative; asterisks: α3-positive neurons
are neuroﬁlament rich; small arrows:
RT97-negative neurons appear black, none is
α3 positive. D and E, adjacent sections
containing the same neurons were
immunostained (ABC method) for α3( D)a n d
HCN1 (E). In the same ﬁeld two neurons had
clear α3-positive rings, but ∼12 showed HCN1
ring staining. A higher power view of a neuron
stained for both is shown in F (α3) and G
(HCN1). Clearly, ﬁbres within myelinated
sheaths were stained for α3( D and F) but not
HCN1 (E and G). Scale bars in B, D and F also
relate to C, E and G,respectively.
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4CBand29EBdye-injectedneurons.Theywereclassiﬁed
as 56 LTMs (5Aδ and 51 Aα/β) and 22 nociceptors (3C,
6Aδand13Aα/β).Atotalof14neuronsinguineapigDRG
(6LY,2CBand6EB)werealsosuccessfullyexamined(for
numbers in each group see Fig.2).
Subjective ring staining ratings. All 23 MSA units in rat
DRGs showed clear rings (subjective rating ≥1) and had
a ring intensity ≥40% (see Fig.3A and B). One G hair
unit and one cutaneous RA unit had weakly positive rings
(subjective rating of 1, but both just <40% intensity). All
Figure 2. α3 immunoreactivity in dye-injected identiﬁed DRG neurons
A–F, the left hand image in each case shows dye ﬂuorescence in a section through the neuron (arrow) that was
characterisedin vivo.Therighthandimageisofthesameneuronalsection(arrow)afterABCimmunocytochemistry
for α3 (dark reaction product) (A –F ). There is no visible α3r i n gi nA–C; A: a C-ﬁbre nociceptive type (unresponsive)
neuron. B:a nA α/β RA neuron; C:a nA α/β nociceptor. D, E and F are neurons with clearly positive α3 rings over
the perimeter of the neuron; all are MSAs. They are: D,at y p eIM S A ;E,at y p eI IM S A ;a n dF, a guinea pig MSA.
Apart from F, all neurons are from rat. The only dye-labelled proﬁle with a clear nucleus is the C-ﬁbre neuron; the
other proﬁles are not through the middle of the neuron and thus do not show the full neuronal size. The 25 μm
scale bar in A applies to all images from A–F. G, correlation of subjective versus objective relative intensities of
dye-injected neurons. Y axis: ring relative intensity for α3 staining the dye-injected neurons in relation to maximum
ring staining in that section; X axis, subjective judgement for the same dye-injected neuron, judged relative to the
maximum ring intensity within that section. The correlation is highly signiﬁcant. Neurons judged as having a clear
α3 ring stain (scores 1–5) all had an α3 ring relative staining intensity of ≥40%.
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otherunitswereclassedashavingnodiscernibleringsand
had intensities over the perimeter of the cell (also called
ring intensities) of <40%.
Image analysis
α3 ring staining intensity. Staining intensity determined
with image analysis showed that in rat, the median ring
intensity was 90% for MSAs, much greater than for any
other group (medians for other groups ranged from
8.5 to 20% Fig.3B). In fact, all non-MSA neurons had
ring intensity <40% which means they are classed as
negatively stained and are probably expressing only low
levels of α3. A Kruskall–Wallis test between all groups
with Dunns post hoc test between all pairs of groups
showed a signiﬁcant difference between the MSA median
and that of each of the other groups except SA; P values
for these differences with the MSA median were P <0.05
for Cnociceptors and D hair units, and P <0.0001 for
Aα/βnociceptors, G/F (G hair/ﬁeld) units and P >0.001
for RA units. A Mann–Whitney test between MSAs and
SAs was also signiﬁcant (P =0.0002). Since there was
no signiﬁcant difference between α3 ring medians of
any of the non-MSA groups, they were combined; a
Mann–Whitneytestbetweenallnon-MSAsandMSAswas
highly signiﬁcant (P <0.0001, see Fig.3B). Thus, median
α3 ring intensity was signiﬁcantly higher for MSAs than
for any other group of neurons examined.
In guinea pig, despite the small numbers of units
examined, DRG neurons showed similar patterns relative
to sensory properties to those in rat. Again, the MSAs
showed signiﬁcantly more intense α3 ring staining than
the non-MSA units taken together (P <0.001) (Fig.3C)
as in rats. The staining pattern of MSAs is also similar to
that in the rat (see α3 staining in a guinea pig MSA and in
r a tM S A si nF i g .3 ) .
Figure 3. α3 immunointensity in relation to sensory properties
Scatter plots for DRG neurons of all CVs with identiﬁed sensory properties are shown. A, subjective judgements of
α3 ring relative intensity plotted for single dye-injected DRG neurons with different sensory receptive properties in
the rat. 1–5 have clearly visible rings, 5 is the darkest ring staining in the section. B–D, α3 relative immunointensities
measured with image analysis (see Methods) for the same neurons as in A. B,r a tα3 ring relative intensity. MSAs
are positive (≥40% α3 ring intensity) and all other types of neurons are negative (<40% maximum ring intensity).
C, guinea pig α3 ring intensities show similar patterns for α3 ring relative intensity that, despite the small
n values, are consistent with the patterns in rat (B), with MSAs having a clearly positive (>40%) α3 ring. D,r a tα3
cytoplasmic intensity against sensory properties. The median cytoplasmic relative intensity is signiﬁcantly greater
in MSAs than in other types of neuron but in contrast to ring intensities (B) there is some overlap of relative
cytoplasmic intensities between a few MSAs and other units. Asterisks denote level of signiﬁcance as follows:
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Cytoplasmic α3 staining intensity. In rat DRG neurons,
themediancytoplasmicα3intensity(relativetomaximum
ringintensityinthesection)wasalsohigherforMSAunits
(median 32%) compared with that of any other group
(range of medians 4.8–11.7%; see Fig.3D). Comparing
all groups, with Dunn’s post hoc test between all groups,
the median staining for MSAs was signiﬁcantly higher
thanforF/Gunits,RAunits,Aα/βnociceptors(P <0.001
in each case) and Aδ nociceptors (P <0.01). MSA
and SA medians were also highly signiﬁcantly different
(P <0.01, Mann–Whitney). There was no difference
between medians of any non-MSA group. These were
therefore combined and a Mann–Whitney test showed
the medians of all non-MSAs combined to be highly
signiﬁcantly different (P <0.0001) from MSAs.
α3 ring versus cytoplasmic staining. Both the α3r i n g
and cytoplasmic intensities were greater in MSAs than
any other unit examined in rat. Relative intensities
of cytoplasm and ring staining for the dye-injected
neurons were positively correlated signiﬁcantly for MSAs
(P <0.05) and highly signiﬁcantly (P <0.0001) for all
otherunitstogether(Fig.4A)andalsofortheseotherunits
subdivided into nociceptors (P <0.0001, r2 =0.7) and
LTMs (P <0.0001, r2 =0.6). The slopes of the regression
lines (shown) for MSA and all non-MSA units were not
signiﬁcantly different but their elevations were highly
signiﬁcantly different (P <0.0001). Thus, both ring and
cytoplasmicα3 intensities are clearly higher in MSAs than
in other afferents. The higher correlation for non-MSAs
is mainly due to the lack of a ring of denser immuno-
staining, with ring and cytoplasmic staining being similar
orthesame.ThepoorercorrelationforMSAsresultsfrom
high α3 ring staining in all of them, but variable cyto-
plasmic staining. It suggests that the ring staining may
be inﬂuenced weakly by cytoplamic α3l e v e l s ,b u ta l s ob y
other factors.
α3 intensity in rat versus neuronal size. There was
no correlation between α3 ring or cytoplasmic relative
intensity and cell cross-sectional area (Fig.4B and C).
Thus, although α3 ring positive tend to be large, cell size
Figure 4. α3 ring staining in rat DRG versus cytoplasm, soma size and MSA subtype
A,p l o t so fα3 cytoplasmic against α3 ring intensity (rat) show signiﬁcant correlations both for MSAs and for all
other units (of all CVs) together. These lines have signiﬁcantly different slopes (P < 0.0001). B and C, size (largest
cross-sectional area through each dye-injected neuron) was not correlated with α3 ring relative intensity (B)o r
cytoplasmic relative intensity (C). D, α3 ring staining in type I (MSA1), type II (MSA2) units and units incompletely
characterised as either type. χ2 test (Fisher’s exact signiﬁcance) shows signiﬁcantly more MSA1 than MSA2 units
with staining intensity >90% (the median for all 23 MSAs). Symbols in graphs A–C: ﬁlled circles, MSAs; open
circles, all cutaneous (cut) LTMs; crosses, all nociceptors. In D, ﬁlled circles, MSA1 (type I); open circles, MSA2
(type II) and grey-ﬁlled circles indicate incompletely characterised units that could be MSA1 or MSA2. Asterisks
denote level of signiﬁcance as follows: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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per se appears not to be a determinant of α3 expression,
underlining the relationship of α3 rings to MSA sensory
properties and not to cell size.
α3 intensity in MSA1 and MSA2 units. The median
conduction velocities of the MSA1 units was 24.2ms−1,
while that for the MSA2 units was 12.3ms−1.A l t h o u g h
not signiﬁcantly different, this is consistent with the
knownpropertiesoftypeIandtypeIIMSAs.MoreMSA1
units had rings that were within the darkest three rings
of the section. Relative intensities >100% were converted
to 100%. A Mann–Whitney test between ring medians
of MSA1 and MSA2 was non-signiﬁcant. However, a χ
test (Fisher’s exact signiﬁcance) of units below and above
the median relative intensity for all 23 MSA units (90%)
(see dotted line, Fig.4D), was signiﬁcant (P <0.05).
Thus, although MSA1, MSA2 and MSA units that were
incompletely characterised as either, all had very high
median α3 ring intensities, and signiﬁcantly more MSA1
units had α3 rings with staining with a >90% relative
intensity.
Discussion
The present study shows that neurons with high (clearly
visible) α3 ring staining tend also to have high cyto-
plasmic α3 levels, and are likely to be MSAs. Identiﬁed
MSAs had high α3 ring and cytoplasmic staining
that was signiﬁcantly higher than that in all other
groups of identiﬁed neurons. This suggests that clear
α3 ring immunoreactivity can be used to identify MSA
DRG neurons, conﬁrming predictions from immuno-
histochemical studies (Dobretsov et al. 2003).
The α3 ring staining was membrane related and not
in satellite cells, and the correlation of ring with cyto-
plasmic intensities suggests the strong cytoplasmic and
strong ring staining are within the same neurons. This
location suggests that the α3 ring staining intensity might
provide an indication of α3l e v e l sw i t h i no rv e r yn e a rt h e
membrane, potentially performing Na+ pump activity.
Theapparentthicknessoftheringmayhavecontributions
from the known multiple projections and folding of the
membrane of DRG neurons (Pannese et al. 1990) which
in 7μm sections could cause an apparent increase in
width of the band of staining, and/or from possible
accumulations of α3-stained vesicles just internal to the
neuronal membrane.
We found high α3 immunostaining in MSAs in guinea
pig as well as in rat DRGs. Similar staining in a
subpopulation of large-diameter DRG neurons in
amphibian, reptiles, birds and mammals (mouse and
human) has previously been shown (Romanovsky et al.
2007). Thus, it seems that high expression of the α3N a +
pumpisoforminMSAsishighlyconservedinmanyspecies
and across several phyla.
α3 as a marker for MSA neurons in DRGs
Although there are a number of useful markers of subsets
of DRG neurons, a limited number have been examined
in physiologically identiﬁed neurons and even fewer tied
strongly to a particular sensory subtype. Any marker
of functionally identiﬁed subdivisions of DRG neurons
should be helpful in deﬁning functional properties
of normal neurons by immunostaining alone. So far,
functional subdivisions have been deﬁned immuno-
cytochemically for all A-ﬁbre neurons (neuroﬁlament
rich) (Lawson & Waddell, 1991); many nociceptors both
those with C- and A-ﬁbres express trkA, the high-afﬁnity
N G Fr e c e p t o r( F a n get al. 2005a); the peptides substance
P and CGRP (Lawson et al. 1997 and 2002), and Nav1.8
(Djouhrietal.2003)areexpressedmainlyinC-andA-ﬁbre
nociceptors. Only nociceptors express Nav1.9 (Fang et al.
2002) and many C-ﬁbre nociceptors show binding for
the lectin IB4 (Fang et al. 2006). For a review, see Lawson
(2005).However,noclearlabelhaspreviouslybeenrelated
directlytoasubsetoffunctionallyidentiﬁedlow-threshold
mechanoreceptive neurons. The clear immunostaining
of MSAs by antibodies against the α3 subunit of the
Na+/K+-ATPase will enable further useful subdivision of
normal DRG neurons. For example, a question that it
may help to answer is the identity of axotomised A-ﬁbre
neurons that show spontaneous ﬁring, since these have
been suggested to contribute to the onset of neuropathic
pain(Amiretal.1999;Liuetal.2000;Sunetal.2005).Lack
ofsensoryendingsmakestheiridentityhardtodetermine.
Use of α3 immunocytochemistry may exclude or identify
these spontaneously ﬁring neurons as MSAs, especially
since our preliminary ﬁndings (L. Gao and S. N. Lawson,
unpublished observations) show that despite a reduction
in α3 staining intensity, similar proportions of neurons,
with large diameters, show α3r i n g sf r o m1t o7d a y sp o s t
axotomy. Thus, the α3N a +/K+-ATPase ring staining may
prove to be a useful addition to the available functionally
characterised markers for DRG neurons. However, we did
not provide any evidence relating to α3 in Golgi tendon
organafferentneurons,asthemusclerelaxantwouldhave
made these hard to activate (see Methods).
These results raise several further questions, including
whethertheα3ringstainingisrelatedtofunctionallyactive
α3N a +/K+-ATPase, and the mechanisms by which the α3
expression in the cytoplasm and ring might be controlled
in DRG neurons. These issues remain to be addressed.
Although both type 1 and type 2 MSAs (MSA1 and
MSA2) showed very high α3 ring staining, a higher
proportionoftype 1units had maximum stainingrelative
to other neurons in the same section. Although not the
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case for all MSA1 units, there is a greater likelihood that
neurons with the most intensely stained α3 rings in a
section, are type 1 rather than type2 MSAs.
Functional signiﬁcance of α3i nM S A s
The α1 isoform of the Na+ pump can restore
ionic gradients across neuronal membranes with low
activity/discharge rates (Blanco & Mercer, 1998). These
are expressed in >80% DRG neurons (Dobretsov et al.
2003). However, in afferents with rapid or continuous
ﬁring, there is likely to be greater demand on Na+ pump
activity for restoration of Na+ and K+ concentration
gradients. Compared with α1, the α3 pump has certain
p r o p e r t i e st h a tm a ye n a b l ei tb e t t e rt om e e tt h i sd e m a n d .
These properties are a 2- to 3-fold higher threshold
for activation by Na+ a n das l i g h t l yh i g h e ra f ﬁ n i t yf o r
ATP (Jewell & Lingrel, 1991) and thus it is more likely
that the intracellular Na+ concentrations will increase to
reach the Na+ threshold for the α3N a +/K+-ATPase in
MSA neurons with periods of prolonged repetitive AP
discharge. The higher afﬁnity for ATP may facilitate this
process. Overall, the properties of this α3 isoform of the
Na+/K+-ATPase may be necessary to restore the normal
Na+ and K+ gradients across the membrane in these
highly active MSAs. Computer modelling and electro-
physiological studies suggest that α3N a +/K+-ATPase
activity can increase the ability of CNS neurons to ﬁre
without accommodation (Sizov & Dobretsov, 2006; Kim
et al. 2007). Thus, physiologically, higher α3 expression
may enable MSAs to restore their membrane potentials
during periods of rapid and/or prolonged tonic ﬁring
patterns, perhaps enabling this type of ﬁring to be
sustained for longer.
Conclusion
This study shows that the relative expression of the α3
subunit of the Na+/K+-ATPase is signiﬁcantly higher in
functionally identiﬁed MSAs than hindlimb cutaneous
LTMs or nociceptive DRG neurons in rat and guinea pig.
Of the neurons studied, MSAs consistently showed clear
α3ringstaining.Thisthereforeoffersaselectiveimmuno-
staining method for detecting MSAs versus other types of
DRG neuron.
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